1. Introduction {#sec0005}
===============

Porcine epidemic diarrhea virus (PEDV) is a reemerging swine enteropathogenic coronavirus belonging to the genus *Alphacoronavirus* of the family *Coronaviridae*. PEDV is the causative agent of porcine epidemic diarrhea, a condition that presents as severe diarrhea, vomiting, and dehydration. As PEDV is highly contagious, the resulting economic burden to the swine industry worldwide is substantial ([@bib0015]; [@bib0075]; [@bib0240]). Since December 2010, swine farms in China have seen large-scale outbreaks of PEDV infection with typical mortality rates of 50--90% in suckling piglets ([@bib0020]; [@bib0035]; [@bib0265]). In the United States, PEDV pandemic strains have caused more than 80 % mortality in suckling piglets and have been rapidly transmitted between farms since 2013. There were over 8 million piglets lost, which represents nearly 10 % of all U.S. farm piglets in 2014 ([@bib0225]). There were some new features of this PEDV epidemic, including the high mortality rates in suckling piglets. Another feature was the rapid occurrence of diarrhea, dehydration and death, not only in suckling piglets but also in finishing pigs. Numerous studies have focused on viral isolation and molecular epidemiology surveys ([@bib0180]), which indicated that PEDV pandemic strains could rapidly replicate in vivo, cause damage to intestinal epithelial cells, and ultimately induce diarrhea, dehydration and death in both newborn piglets and finishing pigs.

PEDV is an enveloped, single-stranded, positive-sense RNA virus that is composed primarily of four structural proteins, the spike protein (S), membrane protein (M), envelope protein (E), and nucleocapsid protein (N), and 17 nonstructural proteins (nsp), nsp1-nsp16 and ORF3. The S protein is located on the surface of the virus particle and is a type I membrane fusion protein. S protein binds to receptors on the target cell, and then, the virus enters the cell through fusion with the plasma membrane or via endocytosis ([@bib0030]; [@bib0095]; [@bib0185]; [@bib0230]). Several viral proteins have a suppressive effect on innate immunity. The N protein directly interacts with TBK1, resulting in the inhibition of IFN regulatory factor 3 (IRF3) activation and type I IFN production ([@bib0070]). Nsp1 blocks the nuclear translocation of IRF1, resulting in a reduction in peroxisomes and thereby suppressing IRF1-mediated type III IFNs ([@bib0300]). Nsp5, a 3C-like protease, disrupts type I IFN signaling by cleaving NF-κB essential modulator (NEMO), which is an essential adaptor that bridges interferon-regulatory factor and NF-κB activation ([@bib0250]). Nsp6 of coronaviruses is integral membrane protein believed to be involved in double membrane vesicle (DMV) formation ([@bib0010]; [@bib0170]). Nsp6 of the infectious bronchitis virus (IBV) generates autophagosomes from the endoplasmic reticulum ([@bib0060]).

Autophagy is a lysosome-dependent, ubiquitous physiological mechanism that serves as a type of quality control in eukaryotic cells ([@bib0005]; [@bib0130]; [@bib0220]; [@bib0235]). Autophagy is not only a physiological cellular pathway for self-degradation but also a defense mechanism that protects host cells against pathogen infection ([@bib0045]; [@bib0145]; [@bib0165]; [@bib0205]). Autophagy plays important roles in modulating viral replication and antiviral immune response ([@bib0150]; [@bib0155]; [@bib0160]; [@bib0190]; [@bib0195]). Increasing evidence indicates that autophagy plays both anti-viral and pro-viral roles in the life cycles and pathogenesis of a wide range of viruses ([@bib0050]; [@bib0105]; [@bib0295]). Previous studies have shown that coronavirus infection is associated with the autophagic process, and that the nonstructural proteins of coronavirus induce the formation of autophagosomes from the endoplasmic reticulum via an omegasome intermediate ([@bib0055]).

PEDV pandemic strains can proliferate rapidly in vivo and cause damage to the intestinal epithelial cells of both newborn piglets and finishing pigs ([@bib0110]; [@bib0120]). Whether these biological effects are associated with autophagy is unclear. In our previous research, it was found that the PEDV pandemic strain could activate more significantly autophagy-related signaling pathway compared with the PEDV classical strain in intestinal porcine epithelial (IPEC-J2) cells, and the proliferation rate of the PEDV pandemic strain was significantly higher than that of the PEDV classical strain, which indicated that there may be a positive correlation between autophagy and PEDV replication ([@bib0125]). It was reported that autophagy was beneficial to PEDV replication in African green monkey kidney (Vero) cells, and the PEDV-induced autophagy exhibited a positive feedback loop with the NF-κB signaling pathway ([@bib0085]). As an intestinal proliferated virus, the interactions between PEDV and the intestinal porcine epithelial cells are still unknown, which is extremely important for determining the pathogenic mechanism and immune regulatory interactions between PEDV and the host. Moreover, which proteins (structural or nonstructural proteins) are the key inducers of autophagy has yet to be explored. In this study, it was investigated the mechanisms by which PEDV infection affected IPEC-J2 cells autophagy, and by which autophagy affected PEDV replication in IPEC-J2 cells. The effects of structural and nonstructural proteins of PEDV on the process of PEDV-induced autophagy and the autophagy-related signaling pathway activated by PEDV replication were also examined.

2. Materials and methods {#sec0010}
========================

2.1. Cells, virus, and reagents {#sec0015}
-------------------------------

The intestinal porcine epithelial cell line (IPEC-J2) was originally obtained from Creative Bioarray (New York, USA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Life Technologies, USA) supplemented with 10 % heat-inactivated fetal bovine serum (FBS, Invitrogen, USA) at 37 °C in a humidified 5% CO~2~ atmosphere. The PEDV strain used in this study, YC2014 (GenBank: KU252649.1), was isolated in our laboratory from a sucking piglet with acute diarrhea, and was propagated in IPEC-J2 cells. PEDV was made replication-incompetent by irradiating 10 mL of suspended virus, dispensed to form a layer of fluid in an open cell culture dish, with UV light for 5 h with gentle shaking at intervals. The absence of virus replication after UV treatment was confirmed by indirect immunofluorescence assay (IFA). The monoclonal antibody (mAb) 3A6 anti-PEDV N protein was prepared in our laboratory. Rapamycin, hydroxychloroquine, and anti-LC3 antibody were obtained from Sigma-Aldrich (Shanghai, China). The Akt-specific inhibitor GSK690693 was obtained from Selleck (Shanghai, China). The lentivirus LV-mRFP-GFP-LC3 was obtained from Hanbio (HB-LP210 0001, Shanghai, China) ([@bib0040]; [@bib0245]; [@bib0270]). The LV-mRFP-GFP-LC3 double fluorescence labeling indicating system produces mRFP to label LC3, and the decrease of GFP indicates the fusion of lysosomes and autophagosomes to form autolysosomes, which is due to the sensitivity of GFP to acid. Thus, when autophagosomes fuses with lysosomes, GFP fluorescence is quenched and only RFP fluorescence can be detected. The yellow spots shown after red and green fluorescence merge together in microscope imaging indicate autophagosomes. The red spots indicate autolysosomes. The intensity of the autophagy flux can be clearly observed by counting the spots in different colors. The primary antibodies against mTOR, phospho-mTOR, p70S6K, phospho-p70S6K, p53, phospho-p53, and β-actin were purchased from Santa Cruz Biotechnology (CA, USA), or Cell Signaling Technology (MA, USA).

2.2. The eukaryotic expression of the PEDV nsps {#sec0020}
-----------------------------------------------

RNA was extracted from the PEDV YC2014 strain, and the genes encoding the nsps were amplified using different primers ([Table 1](#tbl0005){ref-type="table"} ). The genes of nsp were then cloned into the *Eco*R I/*Xho* I site of pCAGGS-HA (BioVector NTCC Inc., Beijing, China) and transfected into IPEC-J2 cells using Lipofectamine 2000 (Invitrogen). The expression of the nsps was analyzed by western blot and IFA.Table 1Primers used in this research.Table 1PrimerSequence (5'--3')PEDV-FTATTCCCGTTGATGAGGPEDV-RAGAGGCCAAAGTATCCSFCGCGGATCCGAAGAATGGTAAGTTGCTAGTGCGTAASRCCCAAGCTTTGGGCAATAAAGAACAATGACAGCMFCGCGGATCCATGTCCGCACAAAGGGAMRCCGCTCGAGTGACTGGATTACATGTTACCTCTATAEFCGCGGATCCATGACACGGGTCGCAATERATGGTCGACGCATATACTTATACAGGCGAGCNFCGCGGATCCATGAATAATCGTAAGTATTCAANRCCGCTCGAGAATAAAAACATCATCATCGnsp1FGAATTCATGGCTAGCAACCATGTTACnsp1RCTCGAGACCACCACGACGACCAAnsp2 FGAATTCAACATCGTGCCAGTTGACCAAnsp2RCTCGAGACCATTGAGTGCTGGTGGTTTAAnsp3 FGAATTCAGTATTGCTATTGTTGATGGCTTTGnsp3RCTCGAGACCCTTCTTATTTGCAATGCAAAnsp4 FGAATTCGCAGGTCTTCCTAGTTTTTCnsp4RCTCGAGCTGTAGAGTTGAATTGTAACTCAnsp5FGAATTCGCTGGCTTGCGTAAGATGnsp5RCTCGAGCTGAAGATTAACGCCATACATTnsp6FGAATTCAGTGGTTATGTTTCACGCGCCnsp6RCTCGAGCTGAACGGAAGAAATCTTAATATTCnsp7FGAATTCTCTAAACTGACTGATATTAAGTGTAGTAACGTnsp7RCTCGAGACTCTGCAACATACTATTGTCATTAAAATAGnsp8FGAATTCGTTGCATCTACTTATGTCGGTTTGCnsp8RCTCGAGCTGGAGCTTGACAATACGCTCAnsp9FGAATTCAATAATGAAATTATTCCTGGTAAGCTGAnsp9RCTCGAGCTGCAAGCGTACAGTGGCACnsp10FGAATTCGCTGGTAAACAAACAGAACAGGCnsp10RCTCGAGTTGCATAATGGATCTGTCACAAGTGnsp11FGAATTCTTCAATAATGAAATTATTCCTGGTAAGCTnsp11RCTCGAGAGCTGCAAGCGTACAGTGGCAnsp12 FGAATTCAATTCTCTGCAGGGCTTTGTGTnsp12RCTCGAGTCGAGCTGCAAATCAGACAATTTAAGnsp13 FGAATTCTCTGCAGGGCTTTGTGTTGTTnsp13RCTCGAGCTGCAAATCAGACAATTTAAGCTCAnsp14 FGAATTCGCTAATGAGGGTTGTGGTCTTTTTnsp14RCTCGAGTTGCAAATTGTTACTAAATGTCTGCCnsp15FGAATTCGGTCTTGAGAACATTGCTTTCAATGnsp15RCTCGAGCTGAAGTTGCGGATAAAATGTCTGnsp16FGAATTCGCCAGTGAATGGAAGTGTGGTTnsp16RCTCGAGTTTGTTTACGTTGACCAAATGATTAGORF3 FGAATTCATGTTTCTTGGACTTTTTCAORF3RCTCGAGTTCACTAATTGTAGCATACTCG

2.3. Viral infection and biochemical intervention {#sec0025}
-------------------------------------------------

The IPEC-J2 cells were grown to 80 % confluence in 6-well plates. PEDV, multiplicity of infection (MOI) of 10 with 8 μg/mL trypsin, was allowed to adsorb to cells for 2 h at 37 °C. After being washed three times with D-Hanks, the cells were cultured in fresh medium in the presence of 8 μg/mL trypsin. The replication of PEDV in the IPEC-J2 cells was measured by IFA with the monoclonal antibody (mAb) 3A6 anti-PEDV N protein (prepared in our laboratory) as the primary antibody, and the FITC-conjugated goat anti-mouse IgG (Abcam, China) as the secondary antibody.

Rapamycin and its analogs are strong inducers of autophagy by inhibiting mTOR activity ([@bib0200]; [@bib0210]), and hydroxychloroquine can inhibit autophagy by blocking the fusion of autophagosomes with lysosomes ([@bib0275]). For the autophagy induction and inhibition experiments, cells grown to 60 % confluence in 6-well plates were treated with 100 nM rapamycin for 2 h, or with 50 μM hydroxychloroquine for 4 h prior to viral infection. Viral adsorption was performed at 37 °C for 2 h. Then, the inoculum was removed, and the cells were washed three times with PBS. Then, the cells were incubated in fresh medium containing rapamycin (100 nM) or hydroxychloroquine (50 μM) until the cells or the culture medium were harvested. At 0, 12, 24, and 36 h post infection, the cells were collected for subsequent analysis. The same volume of DMSO was added to separate samples as the carrier control.

2.4. Establishment of ATG5 knockout IPEC-J2 cell lines {#sec0030}
------------------------------------------------------

It was reported that coronavirus nsp6 generate autophagosomes from the endoplasmic reticulum via an omegasome intermediate, and the autophagosomes formation was dependent on ATG5 and class III PI3 kinase ([@bib0055]). To establish ATG5 knockout cell lines, the optimized sgRNA construct, targeting ATG5 (Gene ID: 100739102), and the Cas9 expression construct were obtained from Hanbio (HB-LP210 0001, Shanghai, China). The ATG5 knockout IPEC-J2 cell lines were constructed as previously described ([@bib0280]).

2.5. Confocal immunofluorescence microscopy {#sec0035}
-------------------------------------------

For the detection of autophagosomes, the IPEC-J2 cells were grown to 70--80 % confluence on glass coverslips in 6-well plates, then infected with lentivirus LV-mRFP-GFP-LC3 at a MOI of 10 for 2 h. After three washes with PBS, the cells were transfected with pCAGGS-nsp6 using Lipofectamine 2000. After 24 h the cells were examined under a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss, Munich, Germany).

2.6. MTT assay {#sec0040}
--------------

The MTT method was used to determine the cytotoxic effects of the reagents on the IPEC-J2 cells as previously described ([@bib0100]). Briefly, the IPEC-J2 cells were seeded in 96-well plates and incubated in I/R medium for 12 h. Then, 20 μl of MTT 3-(4,5-dmethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) dissolved in Hank's balanced salt solution was added to each well to a final concentration of 5 μg/mL. The plates were incubated in 5% CO~2~ at 37 °C. After 2−4 h, the medium was aspirated from each well, and 200 μl of DMSO was added to dissolve the formazan crystals. The absorbance of each well was measured at 570 nm and 630 nm using a plate reader. Each experiment was repeated at least three times.

2.7. Transmission electron microscopy {#sec0045}
-------------------------------------

IPEC-J2 cells were mock infected or infected with PEDV at a MOI of 10 and collected 12 h post infection (hpi) for ultrastructural analysis. Ultra-thin sections were viewed on a JEM-1400 transmission electron microscope (JEOL Ltd., Tokyo, Japan). Autophagosome-like vesicles were defined as double- or single-membrane vesicles measuring 0.3--2.0 μm in diameter that contained clearly recognizable cytoplasmic elements. Quantitative electron microscopy is one of the most sensitive methods to detect the presence of Autophagosome-like vesicles ([@bib0285]). For cytological studies, five cells per sample were examined under electron microscopy using uniform random sampling. The number of autophagosome-like vesicles per cell was estimated by point counting.

2.8. Reverse transcription and quantitative real-time PCR (qRT-PCR) analysis {#sec0050}
----------------------------------------------------------------------------

Total RNA was extracted from the PEDV-infected cells using TRIzol® Reagent (Invitrogen) and treated with RNase-free DNase I according to the manufacturer's instructions. The RNA was reverse-transcribed into cDNA using the oligo (dT) primers listed in [Table 1](#tbl0005){ref-type="table"}. qRT-PCR, using SYBR premix EX Taq (TaKaRa) and SYBR Green I, was performed to compare the relative expression levels of the gene messenger RNAs. β-actin was used as an internal control.

2.9. Western blot analysis {#sec0055}
--------------------------

IPEC-J2 cell monolayers were washed twice with cold PBS and were incubated on ice with RIPA lysis buffer containing 1 mM PMSF (Beyotime) for 10 min. The lysates were clarified by centrifugation at 13,000 rpm for 20 min at 4 °C, and the protein concentration was quantified using a BCA protein assay kit (Beyotime). Equal amounts of protein samples were boiled for 5 min in 5 × SDS-PAGE loading buffer. The proteins (20 μg) were separated by 12 % SDS-PAGE and then electro-transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked at 25 °C with 5% (w/v) skim milk in PBST. After 2 h the membranes were incubated with primary antibody (mTOR, p70S6K, or p53) at 37 °C for 1--2 h and then with the appropriate HRP-conjugated secondary antibody at 37 °C for 1 h. The protein bands were detected using an ECL Plus kit (Beyotime) and measured with Image-Pro Plus 6.0 software (Media Cybernetics). The images were captured with a CanoScan LiDE 100 scanner (Canon).

2.10. Statistical analysis {#sec0060}
--------------------------

All the experiments were performed independently three times. Variables are expressed as the mean ± standard deviation (SD) and were analyzed by one-way ANOVA using SPSS software (version 22.0). A *P* value of \< 0.05 was considered statistically significant, a *P* value of \< 0.01 was considered highly significant, and a *P* value of \< 0.001 was considered extremely significant.

3. Results {#sec0065}
==========

3.1. PEDV infection increases autophagy in IPEC-J2 cells {#sec0070}
--------------------------------------------------------

The replication of PEDV in IPEC-J2 cells was measured by IFA with the monoclonal antibody (mAb) 3A6 anti-PEDV N protein as the primary antibody, and the FITC-conjugated goat anti-mouse IgG as the secondary antibody. The results of IFA shown that the PEDV YC2014 strain replicated efficiently in IPEC-J2 cells (Fig. S1).

By transmission electron microscopy (TEM), it was revealed that the number of double- and single-membrane vesicles containing cytosolic components or sequestered organelles were abundant in the cytoplasm of PEDV-infected IPEC-J2 cells (both of the classical strain CV777 and the pandemic strain YC2014), while these autophagosome-like vesicles were rarely observed in mock-infected cells ([Fig. 1](#fig0005){ref-type="fig"} A and B). The number of autophagosome-like vesicles in the pandemic strain YC2014 infected IPEC-J2 cells was significantly higher than the classical strain CV777 infected cells (*P* \<  0.05, [Fig. 1](#fig0005){ref-type="fig"}B).Fig. 1PEDV infection increases autophagy in IPEC-J2 cells. (A, B) Photos of transmission electron microscopy (TEM) shown that the number of autophagosome-like vesicles (double- and single-membrane vesicles containing cytosolic components or sequestered organelles) were significantly higher in the cytoplasm of both the PEDV pandemic strain YC2014 and the classical strain CV777 infected cells than in mock-infected cells. The number of autophagosome-like vesicles in the pandemic strain YC2014 infected cells was significantly higher than the classical strain CV777 infected cells. IPEC-J2 cells were infected at a MOI of 10 for 12 h. \**P* \< 0.05, \*\*\**P* \< 0.001. (C, D) PEDV infection increases the conversion of LC3-I to LC3-II. C, Western blot of PEDV-infected (MOI of 10) or mock-infected IPEC-J2 cells. D, The ratio of LC3-II to β-actin was quantitated by densitometry (n = 3). The ratios of LC3-II to β-actin were both signiﬁcantly higher in the classical strain CV777 and the pandemic strain YC2014 infected cells than in uninfected cells 12 hpi. The ratios of LC3-II to β-actin in the pandemic strain YC2014 infected cells were signiﬁcantly higher than the classical strain CV777 infected cells. Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \*\**P* \< 0.01, \**P* \< 0.05, \*\*\**P* \< 0.001. (E) Both GFP-LC3 and RFP-LC3-labeled puncta were detectable in IPEC-J2 cells after PEDV YC2014 strain and CV777 strain infection.Fig. 1

LC3 is a specific marker protein for monitoring autophagic vesicle formation, due to its role in vesicle formation and lipidation reactions. The ratio of LC3-II to β-actin is commonly used to assess the activity of autophagy. To further analyze the autophagy activity triggered by PEDV infection, IPEC-J2 cells were infected with the PEDV classical strain CV777 and the pandemic strain YC2014, respectively, and at the indicated time points, the cells were harvested and subjected to SDS-PAGE and electroblotting. The proteins were detected using an anti-LC3 antibody that recognizes both LC3-II and LC3-I, and an anti-PEDV N-protein monoclonal antibody. The western blot analyses shown that the level of LC3-II increased with increasing incubation time ([Fig. 1](#fig0005){ref-type="fig"}C). The ratios of LC3-II to β-actin were both signiﬁcantly higher in the classical strain CV777 and the pandemic strain YC2014 infected cells than in uninfected cells after 12 h of infection (*P* \<  0.001, [Fig. 1](#fig0005){ref-type="fig"}D). The ratios of LC3-II to β-actin in the pandemic strain YC2014 infected IPEC-J2 cells were signiﬁcantly higher than the classical strain CV777 infected cells (*P* \<  0.05, [Fig. 1](#fig0005){ref-type="fig"}D). The lentivirus LV-mRFP-GFP-LC3 was used to measure the autophagic flux. The green fluorescence of this tandem autophagosome reporter is attenuated in the acidic pH of the lysosome by lysosomal hydrolysis, whereas the red fluorescence is not. Therefore, autophagosomes have both GFP and RFP signals, whereas autolysosomes have only RFP signals. As shown in [Fig. 1](#fig0005){ref-type="fig"}E, both GFP-LC3 and RFP-LC3 labeled puncta were observed in both of the PEDV classical strain CV777 and the pandemic strain YC2014 infected cells. Taken together, these data indicate that autophagosomes accumulate in IPEC-J2 cells infected with PEDV.

3.2. Autophagy promotes PEDV replication {#sec0075}
----------------------------------------

To determine whether autophagy enhances PEDV replication, PEDV-infected IPEC-J2 cells were treated with 100 nM rapamycin, which induces autophagy by inhibiting the mTOR signaling pathway. As expected rapamycin treatment resulted in increased levels of LC3-II in infected and uninfected cells ([Fig. 2](#fig0010){ref-type="fig"} A and B). The PEDV titers (TCID~50~/mL) were significantly higher (*P* \<  0.05) in the rapamycin-treated cells than in the mock-treated cells after 32 h of infection ([Fig. 2](#fig0010){ref-type="fig"}C). At 48 h after infection, the PEDV titer in the rapamycin-treated cells reached 8.8 × 10^6^ TCID~50~/mL, which was ten times more than that in the mock group (8.5 × 10^5^ TCID~50~/mL). These results suggest that autophagy promotes PEDV replication.Fig. 2Autophagy affects PEDV replication. (A, B) Induction of autophagy with rapamycin in IPEC-J2 cells. IPEC-J2 cells were treated with 100 nM rapamycin for 2 h prior to PEDV infection (MOI of 10). The cells were lysed and analyzed by western blotting with antibodies against LC3 and β-actin. (C) The viral titers of the rapamycin-treated cells were significantly higher than those of the mock-treated cells (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \**P* \< 0.05. (D, E) Inhibition of autophagy with hydroxychloroquine. IPEC-J2 cells were treated with 50 μM hydroxychloroquine for 4 h prior to PEDV infection (MOI of 10). The cells were lysed and analyzed by western blotting with antibodies against LC3 and β-actin. (F) The viral titers of the hydroxychloroquine-treated cells were significantly lower than those of the mock-treated cells (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \**P* \< 0.05, \*\**P* \< 0.01.Fig. 2

The effect of autophagy on PEDV replication was further investigated by treating IPEC-J2 cells with hydroxychloroquine. As shown in [Fig. 2](#fig0010){ref-type="fig"}D and E, hydroxychloroquine treatment resulted in decreased ratios of LC3-II in PEDV-infected cells, although not in mock-infected cells, demonstrating that hydroxychloroquine effectively inhibits PEDV-induced autophagy. The PEDV titers (TCID~50~/mL) in the hydroxychloroquine-treated cells were significantly lower (*P* \<  0.05) than those in the mock-treated cells after 24 h of infection ([Fig. 2](#fig0010){ref-type="fig"}F). At 48 h after infection, the PEDV titer in the hydroxychloroquine-treated cells reached 7.9 × 10^4^ TCID~50~/mL, which was ten times lower than the mock group (8.5 × 10^5^ TCID~50~/mL). These results demonstrate that early-stage inhibition of autophagy inhibits PEDV replication.

3.3. PEDV replication but not PEDV particles enhances the autophagy process {#sec0080}
---------------------------------------------------------------------------

To determine whether PEDV-induced autophagy is the result of viral entry or if viral replication is necessary, we used UV-treated PEDV. The polyclonal antibody against nucleocapsid protein (N) of PEDV was used as the primary antibody. IFA was used to demonstrate that UV-treated PEDV was replication defective ([Fig. 3](#fig0015){ref-type="fig"} A). The western blot results shown that there was no detectable conversion of LC3-I to LC3-II in cells infected with UV-treated PEDV after 24 h, while autophagy was triggered normally by the nonirradiated, replication-competent virus ([Fig. 3](#fig0015){ref-type="fig"}B and C). To determine whether the structural proteins could induce autophagy during PEDV replication, all four structural proteins (S, M, E, N) were eukaryotic expressed in IPEC-J2 cells after cloning the coding genes into the pCAGGS-HA plasmid. The expression of the four structural proteins was determined by western blot ([Fig. 3](#fig0015){ref-type="fig"}D). The levels of LC3-II were not elevated significantly in cells expressing the structural proteins ([Fig. 3](#fig0015){ref-type="fig"}E and F). These results indicate that viral replication is required for PEDV-induced autophagy, and the nonstructural proteins (nsps) rather than the structural proteins are the key inducers in PEDV-induced autophagy.Fig. 3PEDV replication is required for PEDV-induced autophagy. (A) IFA of replication-competent PEDV or replication-incompetent PEDV (UV-treated) in IPEC-J2 cells. (B) Western blot showing the levels of LC3-I and LC3-II in IPEC-J2 cells 24 hpi with PEDV and UV-treated PEDV. (C) The ratio of LC3-II to β-actin was quantitated by densitometry (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \*\*\**P* \< 0.001. (D) Western blot analysis of the eukaryotic expressed the structural proteins. (E) Western blot analysis of LC3-I and LC3-II in IPEC-J2 cells expressing structural proteins. (F) The ratio of LC3-II to β-actin was quantitated by densitometry (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. Same letter (a) indicates no significant difference between the groups.Fig. 3

3.4. PEDV replication was inhibited in ATG5 knockout IPEC-J2 cell lines {#sec0085}
-----------------------------------------------------------------------

It was reported that coronavirus generate autophagosomes dependent on ATG5 and class III PI3 kinase ([@bib0055]). To evaluate the mechanism by which PEDV replicates in autophagy-defective cells, ATG5 knockout IPEC-J2 cell lines were constructed by CRISPR/Cas9 genome editing. The results of qRT-PCR ([Fig. 4](#fig0020){ref-type="fig"} A) and western blot ([Fig. 4](#fig0020){ref-type="fig"}B) shown that the ATG5 gene was knockout from IPEC-J2 cells. The atg5 mRNA in ATG5 knockout IPEC-J2 cells was significantly lower than the wild-type IPEC-J2 cells (*P* \<  0.001, [Fig. 4](#fig0020){ref-type="fig"}A). The expression of ATG5 was completely suppressed in ATG5 knockout IPEC-J2 cells ([Fig. 4](#fig0020){ref-type="fig"}B). The lack of autophagy in ATG5-knockout IPEC-J2 cells was further confirmed by analyzing the conversion of LC3-I to LC3-II in response to 100 nM rapamycin ([Fig. 4](#fig0020){ref-type="fig"}C and D), and confocal immunofluorescence microscopy analysis ([Fig. 4](#fig0020){ref-type="fig"}E and F). The ratio of LC3-II to β-actin in ATG5-knockout IPEC-J2 cells was significantly lower than that in the wild-type IPEC-J2 cells after the cells been treated by rapamycin (*P* \<  0.001, [Fig. 4](#fig0020){ref-type="fig"}C and D). The number of autophagosome-like vesicles per cell in ATG5-knockout IPEC-J2 cells was significantly lower than that in the wild-type IPEC-J2 cells after PEDV infection (*P* \<  0.001, [Fig. 4](#fig0020){ref-type="fig"}E and F). The results of qRT-PCR shown that the proliferation rate of PEDV in ATG5-knockout (autophagy-defective) IPEC-J2 cells was significantly lower than that in normal IPEC-J2 cells (*P* \<  0.05, [Fig. 4](#fig0020){ref-type="fig"}G).Fig. 4Examination of PEDV replication in ATG5 knockout IPEC-J2 cell lines. (A) qRT-PCR detection of the atg5 mRNA in ATG5 knockout IPEC-J2 cell lines. The atg5 mRNA in ATG5 knockout IPEC-J2 cells was significantly lower than the wild-type IPEC-J2 cells. Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA, \*\*\**P* \< 0.001. (B) Western blot identification of the ATG5 knockout IPEC-J2 cell lines. The expression of ATG5 was completely suppressed in ATG5 knockout IPEC-J2 cells. (C) Western blot analysis of LC3-I and LC3-II. (D) The ratio of LC3-II to β-actin was quantitated by densitometry (n = 3). The ratio of LC3-II to β-actin in ATG5-knockout IPEC-J2 cells was significantly lower than that in the wild-type IPEC-J2 cells after the cells been treated by rapamycin. \*\*\**P* \< 0.001. (E, F) Confocal immunofluorescence microscopy analysis of the autophagosome-like vesicles. The number of autophagosome-like vesicles per cell in ATG5-knockout IPEC-J2 cells was significantly lower than that in the wild-type IPEC-J2 cells after PEDV infection. \*\*\**P* \< 0.001. (G) The results shown that the proliferation rate of PEDV in autophagy-defective IPEC-J2 cells was significantly lower than that in normal IPEC-J2 cells (n = 3). Data are presented as the mean ± SD of three independent experiments. \**P* \< 0.05.Fig. 4

3.5. Nsp6 and ORF3 are two of the key inducers of PEDV-induced autophagy {#sec0090}
------------------------------------------------------------------------

To identify which nsp could induce autophagy during PEDV replication, all 17 nsps (nsp1-nsp16 and ORF3) were eukaryotic expressed in IPEC-J2 cells after cloning the nsps into the pCAGGS-HA plasmid, respectively. The expression of the nsps was determined by western blot ([Fig. 5](#fig0025){ref-type="fig"} A), with a polyclonal antibody against the prokaryotically expressed nsps as the primary antibody, respectively. The lentivirus LV-mRFP-GFP-LC3 was used to measure the autophagic flux. Both GFP-LC3 and RFP-LC3-labeled puncta were present in nsp6-expressing cells and ORF3-expressing cells but not in the other nsp-expressing cells ([Fig. 5](#fig0025){ref-type="fig"}B and C). The results demonstrate that nsp6 or ORF3 expression induces autophagy in IPEC-J2 cells, and indicate that nsp6 and ORF3 are two of the key inducers of PEDV-induced autophagy.Fig. 5Examination of nsps-induced autophagy in IPEC-J2 cells. (A) Western blot analysis of the eukaryotic expression of the nsps. (B, C) Confocal immunofluorescence microscopy analysis of autophagosomes-like vesicles in IPEC-J2 cells expressing nsps. Nsp6 or ORF3 expression causes an increase of autophagosome-like vesicles, but the expression of the other nsps does not.Fig. 5

3.6. Nsp6 induces autophagy through the PI3K/Akt/mTOR signaling pathway {#sec0095}
-----------------------------------------------------------------------

It was reported that, ORF3-induced autophagy is dependent on the ER stress response ([@bib0310]), however, the mechanism of nsp6-induced autophagy has yet to be determined. It is well established that the PI3K/Akt/mTOR signaling pathway plays a pivotal role in autophagy ([@bib0215]; [@bib0235]). We investigated the effect of nsp6 expression on the PI3K/Akt/mTOR pathway by quantitating the expression of phosphorylated and unphosphorylated mTOR, p70S6K, and p53 in nsp6 expressing IPEC-J2 cells. As shown in [Fig. 6](#fig0030){ref-type="fig"} A and B, the levels of phosphorylation of mTOR and p70S6K were decreased in nsp6-expressing cells, while the phosphorylation levels of p53 were increased.Fig. 6Nsp6-induced autophagy occurs via the PI3K/Akt/mTOR signaling pathway. (A) Western blot detection of cytokines and their phosphorylation levels in nsp6-expressing IPEC-J2 cells, rapamycin-treated IPEC-J2 cells or mock-treated IPEC-J2 cells. (B) The ratio of cytokines to β-actin as determined by densitometry (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \**P*  \<  0.05, \*\**P* \< 0.01. (C, D) The inhibition efficiency of Akt-specific inhibitor GSK690693 in IPEC-J2 cells as determined by western blot 24 hpi (n = 3). Data were expressed as the mean ± SD of three independent experiments and were analyzed by one-way ANOVA. \*\**P* \<  0.01, \*\*\**P* \<  0.001. (E) PEDV titers were increased in cells with Akt-specific inhibitor GSK690693 compared to the titers in mock cells (n=3). Data are presented as the mean ± SD of three independent experiments. \**P* \<  0.05, \*\**P* \<  0.01.Fig. 6

To further investigate the role of the PI3K/Akt/mTOR signaling pathway in PEDV replication, the Akt-specific inhibitor GSK690693 (dissolved with DMSO) was used at a final concentration of 25 μM. The IPEC-J2 cells were pretreated with GSK690693 for 2 h before PEDV infection. Viral adsorption was performed at 37 °C for 2 h. Then, the inoculum was removed, and the cells were washed three times with PBS. The cells were subsequently incubated in fresh medium containing GSK690693 (10 μM) until the cells were harvested. The results of western blot ([Fig. 6](#fig0030){ref-type="fig"}C and D) shown that the levels of phosphorylated Akt and phosphorylated mTOR were significantly decreased in cells exposed to GSK690693 (*P* \<  0.01), while the levels of LC3-II were increased (*P* \< 0.001). The results of qRT-PCR ([Fig. 6](#fig0030){ref-type="fig"}E) shown that inhibiting phosphorylated Akt expression could increase PEDV viral titers significantly. These results indicate that inhibition of the PI3K/Akt/mTOR signaling pathway could increase PEDV replication by increasing IPEC-J2 autophagy.

4. Discussion {#sec0100}
=============

The role of autophagy in the viral infection process has been widely investigated ([@bib0135]; [@bib0190]). While autophagy may eliminate viruses from the host cell by delivering them to the lysosomal compartment for degradation ([@bib0090]), many viruses, such as human cytomegalovirus and herpes simplex virus type 1, have developed mechanisms to block autophagy, or to utilize the process for their benefit, ([@bib0290]). Viruses such as classical swine fever virus, porcine reproductive and respiratory syndrome virus, and rotavirus utilize the membranes of autophagosome-like vesicles during replication ([@bib0065]). New PED outbreaks caused by PEDV pandemic strains have been documented in China since late 2010 and are now distributed all over the world. It was characterized by acute enteric infection and high mortality in suckling piglets and finishing pigs. In this study, we demonstrated that PEDV replication triggers autophagy in IPEC-J2 cells and that autophagy enhances replication of PEDV. It was also demonstrated that PEDV structural proteins (S, M, E, N) are not sufficient to trigger autophagy, and the nonstructural proteins (nsp1-nsp16 and ORF3) of PEDV are required in autophagy programs. These results were consistent with previous research on PEDV-induced autophagy in Vero cells by Guo X. *et al*. ([@bib0085]). However, Ko S. *et al*. reported that PEDV infection is suppressed in IPEC-J2 cells by an increase in autophagy induced by rapamycin ([@bib0115]). These different results might occur because of the different degrees of virulence of different PEDV strains. By expressing all 4 structural proteins and 17 nsps of PEDV in eukaryotic cells, we found that autophagy was triggered by the expression of nsp6 or ORF3, but not by the expression of the other proteins, in IPEC-J2 cells.

Productive PEDV infection promoted the formation of double-membrane vesicles (DMVs), which are a hallmark of coronavirus replication, and potentially a platform for viral replication ([@bib0305]). During coronavirus infection, the formation of DMVs is believed to be associated with autophagy ([@bib0010]; [@bib0025]). This observation was supported by the increased expression of autophagic marker proteins during PEDV replication. Using PEDV that was rendered replication-incompetent (but still infectious) by UV irradiation, it was found that viral replication induces autophagy. The LV-mRFP-GFP-LC3 lentivirus was used to measure the autophagic flux. The green fluorescence of this tandem autophagosome reporter is attenuated in the acidic pH of the lysosome by lysosomal hydrolysis, whereas the red fluorescence is not. In PEDV-infected cells, the autophagosomes exhibit both GFP and mRFP signals, whereas autolysosomes exhibit only mRFP signals.

Replication mechanisms vary among members of the *Coronaviridae* family. Infectious bronchitis virus is able to induce autophagy but does not require autophagy for its replication ([@bib0145]). Transmissible gastroenteritis virus infection induces autophagy, which negatively regulates its replication ([@bib0080]). In this study, the impact of autophagy on PEDV replication was examined by using a pharmacological enhancer and a pharmacological suppressor of autophagy. The PEDV yield was suppressed when autophagy was inhibited by hydroxychloroquine at an early stage, while the viral titers were increased when autophagy was induced by rapamycin. These results suggest that autophagy enhances PEDV replication in IPEC-J2 cells.

The severe inflammatory response induced by viral infection is one of the causes of rapid host death ([@bib0260]). It was reported that transmissible gastroenteritis virus (TGEV) infection activates the NF-κB pathway in porcine intestinal epithelial cells and results in severe inflammation ([@bib0255]). The differentially expressed mRNAs and ncRNAs in mock- and TGEV-infected IPEC-J2 cells were primarily enriched in inflammation-related pathways, and ssc_circ_009380 promoted the activation of the NF-κB pathway by binding to miR-22 during TGEV-induced inflammation ([@bib0140]). SARS-coronavirus can mediate myocardial inflammation and damage that are associated with the downregulation of the myocardial ACE2 system, which may be responsible for the myocardial dysfunction and adverse cardiac outcomes in patients with SARS ([@bib0175]). In our previous studies, PEDV pandemic strains induced both autophagy-related and inflammation-related signaling pathways more significantly than the PEDV classical strains in IPEC-J2 cells ([@bib0125]). This may be associated with the rapid proliferation of PEDV pandemic strains in vivo, which induces inflammatory cytokine storms in intestinal epithelial cells and ultimately results in rapid damage to intestinal epithelial cells and the occurrence of diarrhea, dehydration and death. The mutual relationships between the autophagy and inflammation induced by PEDV pandemic strains will be studied in our following research.

The PI3K/Akt/mTOR signaling pathway plays a pivotal role in autophagy ([@bib0215]; [@bib0235]). By analyzing the expression of unphosphorylated and phosphorylated mTOR, p70S6K, and p53 in nsp6-expressing IPEC-J2 cells, we shown that nsp6 induces autophagy through the PI3K/Akt/mTOR signaling pathway. The relationship between autophagy and PEDV replication was further confirmed through RNAi experiments, in which the endogenous p53 gene was specifically silenced. RNAi-mediated silencing of p53 expression decreased the viral titer compared to the mock-treated group. These data also demonstrate that the autophagy triggered by PEDV is via the PI3K/Akt/mTOR signaling pathway.

In summary, the induction of autophagy by PEDV in IPEC-J2 cells enhances viral replication, which induces rapid damage to intestinal epithelial cells and enhances the virulence of PEDV in both newborn piglets and finishing pigs. Nsp6 is one of the key inducers of PEDV-induced autophagy, and it acts through the PI3K/Akt/mTOR signaling pathway. These results improve the understanding of the biology and pathogenesis of PEDV infection and provide novel insights into the development of effective therapeutic strategies.
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